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Purpose: To evaluate the long-term clinical efficacy of ultrasound cyclo-

plasty (UCP) in the treatment of moderate glaucoma and molecular effects

in animal experiments.

Methods: An 18-month clinical study was conducted among 32 patients with

moderate glaucoma. The primary outcome was surgical success, defined as

a reduction in intraocular pressure (IOP) of greater than or equal to 20% from

the baseline and an IOP value of greater than 5 mmHg at the last follow-up.

The secondary outcomes were related to the quality of life, complications, and

mean IOP value at each follow-up. In the animal experiment, 20 New Zealand

rabbits were used to establish a high-IOP model and implement UCP. The

distribution of aquaporin 4 (AQP4) in the ciliary body and the tissue changes

under electron microscopy were observed after surgery.

Results: The mean patient IOP decreased from 34.9 ± 4.9 mmHg before

surgery to 23.5 ± 5.2 mmHg at 18 months after UCP. No vision loss

occurred in any patient. Some patients had postoperative complications,

but the symptoms were mild and disappeared within 3 months after the

surgery. Most patients had good postoperative quality of life. Histology

showed that AQP4 remained in the ciliary muscle after UCP, and only the

bilayered epithelial cells showed coagulative necrosis. Furthermore, electron

microscopic observation revealed the destruction of ciliary process cells

covered by ultrasound after UCP.

Conclusion: UCP is associated with mild postoperative reactions and the mild

treatment of ciliary tissue and is a safe and effective method for reducing IOP

in moderate glaucoma.
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Introduction

Glaucoma is a progressive optical neuropathy caused by
the accelerated degeneration of retinal ganglion cells. This
degeneration severely threatens and impairs the visual pathway,
eventually leading to blindness (1, 2). Therefore, it is essential
to control the progression of early and moderate glaucoma and
effectively protect the remaining vision. Currently, lowering the
intraocular pressure (IOP) is the most important therapeutic
measure to prevent and delay diminution of vision. This can
be achieved clinically by reducing the inflow or increasing the
outflow of the aqueous humor (1, 3, 4). Surgical destruction of
the ciliary body can reduce the secretion of aqueous humor.
The traditional surgical methods include cyclocryotherapy,
cyclodiathermy, and diode laser ring photocoagulation (5, 6).
However, due to the difficulties in precisely selecting the target
ciliary body and determining the appropriate dosage, surgery
often leads to damaged adjacent tissue and ocular inflammation.
This increases the incidence of postoperative complications and
hinders the accurate prediction of curative effects.

In recent years, the development of high-intensity focused
ultrasound (HIFU) technology has advanced significantly. As
a new type of non-invasive annular destruction surgery,
ultrasound cyclo-plasty (UCP) can effectively reduce IOP (7).
In comparison with traditional surgery, the ultrasound energy
is focused using a non-optical transparent medium. The energy
deposition and tissue heating at the focus are independent of
cytochrome deposition and can be arbitrarily located in the
intraocular tissue, thus selectively destroying the ciliary body
(8, 9). The advantage of focused ultrasound is that it can focus
the energy within a suitable range of tissue, and the volume
of tissue destroyed is preset by the machine to avoid excessive
damage (10). Thus far, many studies have shown that UCP is
an effective and well-tolerated method for reducing IOP, but
its therapeutic effects on moderate glaucoma are still being
explored. The purpose of the present study was to examine the
molecular effects and clinical efficacy of UCP for the treatment
of moderate glaucoma (11).

Materials and methods

High-intensity focused ultrasound
equipment

The study used an EyeOP1 device imported from France,
which has been described in detail previously (12). In short, the
EyeOP1 consists of a command module and a therapy device;
it generates voltage through a signal generator and then raises
the voltage to a certain level via an amplifier to ensure that
the ultrasonic beam is emitted. The instrument’s ring-shaped
treatment probe contains 6 miniature piezoelectric transducers,
and the contact surface is arc-shaped and rectangular. During

the treatment, it acts on each sector of the ciliary body while
avoiding the nasal-temporal meridian (8, 13). To stably center
the probe, the suction on the bottom of the positioning ring
applies a vacuum at a low level, bringing it into closer contact
with the eye. The design of the probe is unique and innovative.
The probe is available in 3 diameters (11 mm, 12 mm, and
13 mm), and the appropriate diameter can be selected according
to the eye conditions of each individual patient.

Patients

This study was conducted in accordance with the principles
of the Declaration of Helsinki and ISO 14155 standard and
was approved by the local institutional review board. Written
content was obtained from all enrolled patients.

This study included 32 eyes of 32 patients with moderate
glaucoma who underwent UCP. The glaucoma staging was
performed by glaucoma specialist based on the Hoddap -
Parrish-Anderson criteria (14).

The inclusion criteria were as follows: (1) Patients diagnosed
with moderate primary open angle glaucoma, (2) IOP not
controlled by hypotensive medication, (3) IOP greater than or
equal to 20 mmHg, (4) age more than 18 years old and less
than 90 years old, (5) patients who signed the informed consent
and who were able to complete all postoperative follow-up
visits, (6) the type and amount of ocular hypotensive medication
remained the same before and after treatment.

The exclusion criteria were as follows: (1) Eye infection
in any eye in the 2 weeks before treatment, (2) any medical
or treatment history or systemic disease that may affect the
evaluation of the treatment efficacy, (3) pregnant or lactating
women, (4) patients who underwent other procedures at the
same time, and (5) patients who underwent other eye surgeries
for reducing IOP within 18 months after the surgery.

A schematic diagram of the research flowchart is shown in
Figure 1.

Preoperative examination

Each patient underwent a routine eye examination, which
included uncorrected visual acuity, photography of the anterior
segment, gonioscopy, perimetry, fundus photography, IOP
(Goldman tonometer), ultrasound biomicroscopy (UBM),
biological parameters of the eyeball (axial length, white-to-white
distance), and analysis of the quality of life.

Treatment procedure

Both anesthesia and treatment were performed by the
same experienced ophthalmologist. Retrobulbar anesthesia
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FIGURE 1

Schematic diagram of the research flowchart.

was administered in all patients. The surgeon selected the
appropriate treatment procedure according to each patient’s
conditions to accurately determine the ultrasound dosage. Since
the subjects of this study were patients with moderate glaucoma
and no patient had an IOP of more than 36 mmHg, all patients
were treated with 6 sectors and the exposure time was 8 s.

The specific steps were as follows. First, the patient lay
supine, with the eye axis perpendicular to the horizontal
line. After the instrument was started, the positioning cone
was adsorbed on the ocular surface and centered. Second,
the negative pressure suction was activated and filled with
saline solution, stepped on the pedal to start the treatment.
Finally, after the treatment, the probe and positioning cone
were removed. The patients stayed in the hospital for
observation for 2 h.

Tobramycin dexamethasone eye drops were added within
4 weeks after surgery, 4 times a day.

Postoperative follow-up

Follow-up visits occurred 1 day, 1 week, 1, 3, 6, 12,
and 18 months after treatment. Eye examinations such as
uncorrected visual acuity, photography of the anterior segment,
IOP (Goldman tonometer), complication assessment, and
quality of life analysis were performed at each visit.

Outcome measures

The surgical success criteria were an IOP reduction of more
than or equal to 20% compared with the baseline value and an
IOP of more than 5 mmHg at the last follow-up visit, without
adding new glaucoma medication compared to baseline.

The Glau-QoL 36-item questionnaire was used to assess the
patients’ quality of life, with 7 domains: psychological wellbeing,
self-image, daily life, burden of treatment, driving, anxiety, and
confidence in health care. Each item had 3–9 questions, with
each question’s response collected on a 5-point scale. Each item
was scored separately; a patient’s score was the sum of the total
scores of all questions, transformed into a scale from 0 to 100.

Animal experiment

All animal experiments have been approved by the ethics
Committee of Xuzhou First People’s Hospital. All animal
testing methods were carried out in compliance with the
ARRIVE guidelines.

A high-IOP model was established for 20 New Zealand
rabbits. Puncture at the corneal margin, extract 0.1–0.2 ml of
aqueous humor, and then inject an equal amount of compound
carbomer. At 2 weeks, rabbit high IOP is basically stable. Each
New Zealand rabbit was injected into the ear vein with 10%
chloralhydrate (3.5 mg/kg) intravenously for general anesthesia,
and one eye was treated with UCP and the other eye was used
as a negative control. The rabbits were executed immediately
after the treatment. Both eyeballs were removed, and the ciliary
bodies were separated.

Immunofluorescence of aquaporin 4
The ciliary body tissue was fixed in 4% paraformaldehyde

solution and embedded in paraffin to make 5-µm-thick sections.
The tissue sections were rinsed with phosphate-buffered saline
(PBS) for 30 min, treated with formaldehyde-H2O2 for 10 to
15 min, treated with Triton X-100 for 10 min, and blocked
with normal goat serum for 4 h. After drying, the primary
antibody (AQP4, 1:400) was added, and the samples were
incubated overnight at 37◦C. Next, the samples were rinsed
with PBS, and secondary antibody (Cy3-labeled goat anti-rabbit
IgG) was added. After 90 min, the samples were rinsed with
PBS. Then, slides were mounted and observed under a laser
confocal microscope.
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TABLE 1 Patients characteristics.

Patients 32

Age, mean± SD, year 56.8± 10

Sex

Male 17

Female 15

BCVA, logMAR 0.76± 0.31

IOP baseline, mean± SD 34.9± 4.9

Axial length 23.77± 0.80

White to white 11.74± 0.17

Lens status

Phakic 29

Pseudophakic 3

Aphakic 0

Preoperative hypotensive medications, mean± SD 1.7± 0.7

BCVA, best-corrected visual acuity; IOP, Intraocular pressure; SD, Standard deviation.

Transmission electron microscopy
The ciliary body tissue was fixed in 2.5% glutaraldehyde

solution, rinsed with 0.1 M phosphate buffer, fixed with 1%
osmic acid solution, and rinsed again. This was followed by
gradient dehydration and epoxy resin immersion embedding.
Ultra-thin sections (70 nm) were obtained using an ultra-thin
cutting machine (UC7, Leica, Solms, Germany), stained with
uranyl acetate and lead citrate solution, and observed under a
transmission electron microscope (CM120, Philips Electronics,
Mahwah, NJ, USA).

Statistical analysis

Data were analyzed using SPSS 23.0 statistical software
(IBM, USA). Enumeration data, such as gender and lens status,
were expressed as cases. Measurement data were expressed as
means ± standard deviations (x ± s). The Wilcoxon rank-sum
test was used to compare the differences between the IOP and
quality of life scores during follow-up and the baseline values.
The level of statistical significance was set at p<0.05.

Results

Patient characteristics

All 32 patients completed the surgery successfully. The
patient details are described in Table 1.

Intraocular pressure

At all follow-up visits, the mean IOP value for each
measurement decreased significantly from the baseline value.

TABLE 2 Intraocular pressure at baseline and during follow-up
in the patients.

Mean ± SD
IOP (no
patients)

Relative
IOP

reduction
(%)

Success
rate (%)

P*-value
compared

with
the baseline

Baseline 34.9± 4.9 (32) NA NA NA

Day 1 25.9± 5.6 (32) 25.9 68.8 0.000

Day 7 22.1± 5.1 (31) 36.7 87.1 0.000

Month 1 22.8± 5.4 (29) 34.7 86.2 0.000

Month 3 23.6± 5.4 (28) 32.3 78.6 0.000

Month 6 23.3± 6.1 (29) 33.3 82.8 0.000

Month 12 24.1± 6.0 (26) 31.0 76.9 0.000

Month 18 23.5± 5.2 (21) 32.6 81.0 0.000

*Wilcoxon test. NA, not applicable; IOP, Intraocular pressure; SD, Standard deviation.

The mean preoperative IOP was 34.9 ± 4.9 mmHg; 18 months
after treatment, the IOP had decreased by 32.6%, and the success
rate was as high as 81%. The specific IOPs for the patients and
the success rate of the surgery are shown in Table 2. In order to
more clearly reflect the IOP trend, Figure 2 shows the line chart
of IOP in this study.

Complications

The complications of UCP were categorized as
intraoperative and postoperative. Four patients had mild
pain during the operation. The postoperative complications
were also mild, and most of them resolved spontaneously within
1 month. The types and numbers of complications are shown in
Table 3.

Quality-of-life analysis

All patients completed the questionnaire once
preoperatively and again at each postoperative follow-up
visit. We analyzed the trends in each survival index, in detail,
through calculations and scoring. All of the scores are shown in
Table 4. In order to get a better overview of the patients’ quality
of life, we made a line chart, with each indicator marked in a
different color (Figure 3).

Aquaporin 4 expression

AQP4 exists in the ciliary body tissue, controls the rate of
the formation of aqueous humor by promoting its secretion
and absorption, and plays a role in the aqueous balance and
pressure regulation of ocular tissues. Therefore, observing the
expression of AQP4 in the ciliary body helps to clarify the

Frontiers in Medicine 04 frontiersin.org

https://doi.org/10.3389/fmed.2022.1009273
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1009273 December 16, 2022 Time: 10:21 # 5

Wang et al. 10.3389/fmed.2022.1009273

FIGURE 2

The mean IOP of all patients.

TABLE 3 Intra-operative and post-operative complications.

Description Number of eyes (%)

Intraoperative

Pain 4 (12.5%)

Post-operative

Loss of visual acuity (>2 lines) 1 (3.1%)

Induced astigmatism (>1 diopter) 1 (3.1%)

Conjunctival hyperemia 3 (9.4%)

Subconjunctival hyperemia 1 (3.1%)

Corneal edema 2 (6.3%)

Superficial punctate keratitis 1 (3.1%)

Hyphema 1 (3.1%)

Aqueous flare (<7 days) 5 (15.6%)

Retinal detachment 0 (0%)

Induced cataract 0 (0%)

Phthisis 0 (0%)

surgical effect. HIFU mainly targets the epithelial cells in the
ciliary body, causing coagulation necrosis due to a thermal effect
in the affected area. Compared with the control group, the level
of AQP4 in the ciliary process was significantly reduced after
UCP treatment (Figures 4A,B). As seen in Figures 4C,D,F,G
ca 50-µm local map—the UCP group also had relatively less
AQP4 distal to the ciliary body. AQP4 was still present in the
ciliary muscle, and only the AQP4 part of the epithelial layer
was reduced (Figures 4E,H).

Transmission electron microscopy

The internal structure of the ciliary body epithelial cells
in the UCP and control groups was observed by transmission
electron microscopy. In the untreated epithelial cells, the nuclei
were morphologically full with nuclear membrane wrapping,

and the mitochondrial structure was basically intact (Figure 5).
In contrast, in the UCP group, the nuclei were pyknotic,
the nuclear membranes were widened, the chromatin was
concentrated and aggregated, and some chromatin was collected
under the nuclear membrane and border set occurred. At the
same time, the mitochondria were partially destroyed and had
become larger and rounder due to swelling, causing cell edema.
In addition, the reduction of ribosomes was seen in the epithelial
cells after UCP treatment compared with the control group.

Discussion

Although UCP is generally considered a new technology
for the treatment of glaucoma, currently, it is mainly used
in patients with advanced to terminal-stage disease, and the
effectiveness and safety of the treatment in early and moderate
glaucoma are still being explored (15). This study showed that
UCP had a remarkable effect on reducing IOP in patients with
moderate glaucoma, and the success rate was high. Compared
with the traditional annular destruction surgery, UCP may be a
step forward in the non-invasive treatment of glaucoma.

During the 18-month follow-up, we recorded the IOP values
at each visit, in detail. We observed a 32.6% reduction at the last
follow-up—a significant reduction from the preoperative mean
(34.9± 4.9 mmHg) to 23.5± 5.2 mmHg—indicating successful
IOP control. The average IOP at each follow-up visit decreased
in comparison with the baseline value; these differences were
statistically significant. This ideal result was due to the selective
necrosis of ciliary body epithelial cells determined by the
energy focusing of UCP. In this procedure, sufficient energy
can be concentrated within a specific target volume, with
sub-millimeter precision. The HIFU device performs annular
thermal coagulation of targeted tissue through 6 cylindrical
high-frequency sensors (16–18). Six ultrasound beams enter the
distal end of the cornea and focus on a larger posterior plane,
thereby reducing the secretion of aqueous humor and reducing
the pressure of the aqueous humor on the eye wall (18, 19).
Additionally, compared to the laser focal effect of diode laser
ring photocoagulation, the cylindrical surface can better adapt
to the geometry of the target organ while expanding the impact
on the ciliary body volume, increasing the treatment area and
ensuring the destruction of a sufficient number of ciliary bodies
to avoid the rebound elevation of IOP (15, 20). According to
our criteria for surgical success, we found that except for the
first day after surgery, the average degree of IOP reduction in
other follow-up results was more than 30%, and more than 70%
of patients achieved success. This may be because in UCP, the
destruction of the distal end of the ciliary body is not able to
exert its full effect in such a short period of time (19, 21).

A small number of patients felt mild pain during the
operation, which may have been related to the patients’ different
sensitivities to anesthetic drugs; it may also have been due
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TABLE 4 Score distribution of the health-related quality of life domains for patients.

Score

Mean ± SD

Number of
patients (MD)

Psychological
wellbeing

Self-image Daily life Burden of
treatment

Driving Anxiety Confidence in
health care

Baseline 32 (0) 59.4± 17.6 61.4± 20.8 65.2± 21.1 62.3± 17.1 40.1± 25.6 32.6± 21.1 53.1± 16.7

Day 1 29 (3) 59.3± 18.2 61.7± 19.8 65.9± 20.8 61.9± 16.3 40.8± 25.8 47.6± 20.1* 54.1± 17.9

Day 7 29 (3) 68.1± 16.5* 70.2± 19.1* 64.5± 20.3 62.4± 18.7 48.4± 23.4* 60.8± 21.9* 60.3± 16.1*

Month 1 26 (6) 72.3± 13.1* 75.2± 16.8* 69.0± 18.2* 64.6± 16.7 53.2± 26.8* 66.1± 24.3* 60.6± 16.6*

Month 3 27 (5) 73.3± 14.1* 70.7± 16.5* 71.4± 18.2* 63.5± 17.4 54.6± 26.1* 63.7± 20.9* 61.3± 14.8*

Month 6 25 (7) 72.8± 14.2* 71.4± 16.6* 72.4± 14.8* 61.2± 16.9 54.2± 20.9* 66.3± 19.0* 60.8± 14.6*

Month 12 24 (8) 73.6± 12.1* 70.8± 18.9* 73.2± 13.9* 62.1± 17.6 52.6± 20.6* 61.7± 20.6* 56.5± 16.2

Month 18 20 (12) 70.6± 11.6* 72.8± 17.7* 71.5± 15.8* 62.5± 14.1 51.0± 24.7* 61.3± 21.7* 53.8± 16.5

*P < 0.05. MD, Missing data, SD, Standard deviation.

FIGURE 3

Each survival index in all patients.

to the psychological effects of patients’ excessive tension.
Compared with traditional glaucoma surgery, the complication
rate of UCP was significantly reduced (12, 20, 22). None of
the patients experienced major adverse events, such as severe
hypotony or phthisis (the most severe types of complications
observed after traditional annular destruction surgery). For
the assurance of UCP safety, the innovative HIFU technology
has the unique advantage of not only allowing for harmless
propagation in living tissue but also allowing energy deposition
and tissue heating independent of pigmentation. Therefore,
the energy is confined to the distal end of the ciliary body,
producing a controlled thermal effect on the target organ,
where pigmentation may be highly variable (23, 24). In the
eye, ultrasound can heat tissue at any depth or location
with precise temperature control. The volume of the treated

tissue can be appropriately adjusted, and the integrity of the
adjacent tissue can be preserved, therefore minimizing surgical
complications (25). However, some patients still experienced
complications, such as conjunctival hyperemia, corneal edema,
aqueous flare, and hyphema, all of which gradually disappeared
within a month and did not require interventional therapy.
One patient developed a mild anterior chamber inflammatory
reaction with very limited signs of reaction; this also healed
within a month. We performed a postoperative UBM review
and found no evidence of scleral thinning or damage or
adjacent tissue destruction, but some inflammatory mediators
may have been synthesized and released after surgery (26,
27). Minor complications seem to be unavoidable, but their
incidence was significantly reduced in this study compared to
traditional surgery and did not affect the surgical outcomes.
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FIGURE 4

Confocal microscopy images of the expression of AQP4 in the normal ciliary body (A) and UCP postoperative (B). Scale bars 100 µm. (C–G) are
ciliary, processes, (E,H) are ciliary, muscles. Scale bars 50 µm.

Furthermore, UCP carries little potential threat to vision. The
patients’ visual acuities did not fluctuate significantly compared
with their preoperative measurements, with the exception of one
patient, who developed vision loss and astigmatism 1 year after
surgery (28). This patient was found to have cataracts before
the surgery, and the visual acuity may have been related to the
cataract progression. This reduction in complications improves
the safety profile of UCP, indicating that UCP is a more gentle
and well-tolerated treatment.

In order to better understand the overall efficacy of UCP, we
analyzed the patients’ quality of life. We scored various survival
indicators and compared the values before and after surgery
(29, 30). The index score trends varied among the 7 different
indicators. The largest change was in anxiety levels. A lower
anxiety score indicated a higher level of anxiety. The patients’
anxiety levels were very high before their surgeries, as reflected
by the average score of 32.6 ± 21.1. However, their anxiety was
significantly relieved on the first day after surgery and greatly
reduced 1 week after surgery. At the last follow-up, the average
anxiety score was stable at 61.3 ± 21.7, nearly twice that before
the operations. This is a satisfactory result, indicating that UCP
had a positive effect on the patients’ psyches.

Large changes were also seen in the psychological wellbeing,
self-image, driving, and confidence in health care domains.
Although there were no statistically significant changes in

these domains on the first postoperative day, the scores were
significantly improved 1 week after surgery. Notably, however,
in the driving and confidence in health care domains, the scores
began to decrease at the last 2 follow-up visits. This may have
been because some patients felt good after the treatment and
were unwilling to review frequently according to the follow-
up standards. There were also some patients who reduced
their medication or stopped taking it altogether because their
IOP remained stable, causing the scores to show a downward
trend after 6 months.

For the daily life domain, the overall score increase was
gradual (i.e., the rate of increase was relatively slow), and it
did not reflect a change until 1 month after the operation.
This may have been because it took some time for the surgical
efficacy to have an impact on the patients’ daily lives. However,
UCP did not reduce the burden of treatment for patients. We
required the type and quantity of IOP-lowering drugs to be
the same for patients before and after surgery, which may have
made patients feel the pressure of treatment. Overall, UCP
improved the patients’ quality of life to a certain extent and
helped them to resist the negative emotions brought about by
moderate glaucoma.

In this study, we also conducted animal experiments.
Through the in-depth exploration of the tissue, we can
more clearly understand the working effect of HIFU. In
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FIGURE 5

Micrographs reveal the differences between epithelia of normal
ciliary body (A) and UCP postoperative (B). Scale bars 500 nm.

immunofluorescence sections, the ciliary body regions treated
with HIFU showed less AQP4 content. The degrees of
pigmentation in the pigmented and non-pigmented epithelial
cell layers decreased significantly compared with the control
group, and some epithelial cells were removed. However, there
was no significant difference in the expression levels of AQP4
in the ciliary muscle between the two groups; it was retained
in both groups (Figures 4E,H). Only a small amount of
AQP4 was lost in the epithelial cell layer in the UCP group.
This is because the arc-shaped annular probe used in the
operation can accurately locate the ciliary process while focusing
the ultrasound on the local area, forming a small thermal
coagulation range. Therefore, the maximum damage is always in
the ciliary process and dose not injure the ciliary muscle or other
adjacent tissues; this reduces the secretion of aqueous humor
while retaining the integrity of the blood-aqueous barrier (31,
32). To clarify the extent of the tissue damage, we also analyzed
the internal structural changes of the epithelial cells. The
penetration of HIFU can produce mild and sustained damage
to epithelial cells, resulting in cell degeneration or necrotic
shedding (18). Through transmission electron microscopy, we
observed that the thermal effect of ultrasonic energy conversion
triggered an inflammatory response in the cell in the UCP
group; the cells were edematous and the chromatin in the

nuclei was condensed and shrunken. At the same time, some
organelles, such as the mitochondria and ribosomes, were
also damaged. The destruction of epithelial cells weakened the
secretory function of the ciliary body, and the production of
aqueous humor was reduced, further validating the clinical
follow-up results.

Some limitations apply to the present study. Its small sample
size and high long-term loss to follow-up rate constitute the
limitations of this study, and further prospective randomized
clinical trials are needed to confirm the long-term efficacy
and safety of the surgery. At present, studies have shown that
repeated UCP treatment can be performed, but the optimal
time and frequency of repeated treatment remains to be
elucidated. More extensive research will be carried out in this
direction in the future.

Conclusion

In conclusion, UCP is an exciting innovation. With the help
of computers, surgery can be implemented simply and quickly,
which shortens the learning curve for surgeons and minimizes
the surgical risk. This approach, which is not completely
dependent on surgeons, effectively improves the safety of
surgery for moderate glaucoma by weakening a functional,
rather than destructive, approach regarding the ciliary body.
This study should improve confidence regarding the use of
UCP for the treatment of moderate glaucoma, as it indicates
that the thermal coagulation effect of HIFU on the ciliary
body is an effective method to reduce IOP and control the
progression of the disease.

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Ethics statement

This animal study was reviewed and approved by the
Medical Ethic Committee, the First Affiliated Hospital of Anhui
Medical University.

Author contributions

R-XW: conceptualization, methodology, formal analysis,
writing—original draft, data curation, and visualization. NL:
investigation, validation, and data curation. X-YC: validation,
writing—review, supervision, project administration, and

Frontiers in Medicine 08 frontiersin.org

https://doi.org/10.3389/fmed.2022.1009273
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1009273 December 16, 2022 Time: 10:21 # 9

Wang et al. 10.3389/fmed.2022.1009273

funding acquisition. All authors contributed to the article and
approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Kang JM, Tanna AP. Glaucoma. Med Clin North Am. (2021) 105:493–510.
doi: 10.1016/j.mcna.2021.01.004

2. Schuster AK, Erb C, Hoffmann EM, Dietlein T, Pfeiffer N. The diagnosis and
treatment of glaucoma. Dtsch Arztebl Int. (2020) 117:225–34. doi: 10.1155/2015/
691031

3. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of
glaucoma: a review. JAMA. (2014) 311:1901–11. doi: 10.1001/jama.2014.3192

4. Choi J, Kook MS. Systemic and ocular hemodynamic risk factors in glaucoma.
Biomed Res Int. (2015) 2015:141905. doi: 10.1155/2015/141905

5. Hoffmann EM, Hengerer F, Klabe K, Schargus M, Thieme H, Voykov B.
Aktuelle glaukomchirurgie [Glaucoma surgery today]. Ophthalmologe. (2021)
118:239–47. doi: 10.1007/s00347-020-01146-x

6. Bluwol E. Traitement des glaucomes [Glaucoma treatment]. Rev Prat. (2016)
66:508–13.

7. Ye C, Wang XY, Bian XQ, Liang YB. High-intensity focused ultrasound in the
treatment of glaucoma. Zhonghua Yan Ke Za Zhi. (2020) 56:66–70.

8. Aptel F, Denis P, Rouland JF, Renard JP, Bron A. Multicenter clinical trial of
high-intensity focused ultrasound treatment in glaucoma patients without previous
filtering surgery. Acta Ophthalmol. (2016) 94:e268–77. doi: 10.1111/aos.12913

9. Silverman RH. Focused ultrasound in ophthalmology.Clin Ophthalmol. (2016)
10:1865–75. doi: 10.2147/OPTH.S99535

10. Hugo J, Matonti F, Beylerian M, Zanin E, Aptel F, Denis D. Safety and
efficacy of high-intensity focused ultrasound in severe or refractory glaucoma. Eur
J Ophthalmol. (2021) 31:130–7. doi: 10.1177/1120672119874594

11. De Gregorio A, Pedrotti E, Stevan G, Montali M, Morselli S. Safety and
efficacy of multiple cyclocoagulation of ciliary bodies by high-intensity focused
ultrasound in patients with glaucoma. Graefes Arch Clin Exp Ophthalmol. (2017)
255:2429–35. doi: 10.1007/s00417-017-3817-4

12. Ruixue W, Tao W, Ning L. A comparative study between ultrasound
cycloplasty and cyclocryotherapy for the treatment of neovascular glaucoma. J
Ophthalmol. (2020) 2020:4016536. doi: 10.1155/2020/4016536

13. Giannaccare G, Sebastiani S, Campos EC. Ultrasound cyclo-plasty in eyes
with glaucoma. J Vis Exp. (2018):56192. doi: 10.3791/56192

14. Blumberg D, Skaat A, Liebmann JM. Emerging risk factors for glaucoma
onset and progression. Prog Brain Res. (2015) 221:81–101. doi: 10.1016/bs.pbr.2015.
04.007

15. Leshno A, Rubinstein Y, Singer R, Sher I, Rotenstreich Y, Melamed S,
et al. High-intensity focused ultrasound treatment in moderate glaucoma patients:
results of a 2-year prospective clinical trial. J Glaucoma. (2020) 29:556–60. doi:
10.1097/IJG.0000000000001497

16. Posarelli C, Covello G, Bendinelli A, Fogagnolo P, Nardi M, Figus M. High-
intensity focused ultrasound procedure: the rise of a new noninvasive glaucoma
procedure and its possible future applications. Surv Ophthalmol. (2019) 64:826–34.
doi: 10.1016/j.survophthal.2019.05.001

17. Marques RE, Ferreira NP, Sousa DC, Barata AD, Sens P, Marques-Neves
C, et al. High intensity focused ultrasound for glaucoma: 1-year results from
a prospective pragmatic study. Eye. (2021) 35:484–9. doi: 10.1038/s41433-020-0
878-0

18. Aptel F, Béglé A, Razavi A, Romano F, Charrel T, Chapelon JY, et al. Short-
and long-term effects on the ciliary body and the aqueous outflow pathways of

high-intensity focused ultrasound cyclocoagulation. Ultrasound Med Biol. (2014)
40:2096–106. doi: 10.1016/j.ultrasmedbio.2014.04.017

19. Nagar A, Daas A, Danieliute L, Alaghband P, Yu-Wai-Man C, Amon A,
et al. Effect of high-intensity focused ultrasound (HiFU) treatment on intraocular
pressure and aqueous humour dynamics: 12 -months results. Eye. (2021) 35:2499–
505. doi: 10.1038/s41433-020-01260-9

20. Graber M, Rothschild PR, Khoueir Z, Bluwol E, Benhatchi N, Lachkar Y.
High intensity focused ultrasound cyclodestruction versus cyclodiode treatment
of refractory glaucoma: a retrospective comparative study. J Fr Ophtalmol. (2018)
41:611–8. doi: 10.1016/j.jfo.2018.02.005

21. Giannaccare G, Vagge A, Sebastiani S, Urbini LE, Corazza P, Pellegrini M,
et al. Ultrasound cyclo-plasty in patients with glaucoma: 1-year results from a
multicentre prospective study. Ophthalmic Res. (2019) 61:137–42. doi: 10.1159/
000487953

22. Yu Q, Liang Y, Ji F, Yuan Z. Comparison of ultrasound cycloplasty and
transscleral cyclophotocoagulation for refractory glaucoma in Chinese population.
BMC Ophthalmol. (2020) 20:387. doi: 10.1186/s12886-020-01655-y

23. Longfang Z, Die H, Jie L, Yameng L, Mingyuan L, Xiaojing P. Efficacy and
safety of single ultrasound cyclo-plasty to treat refractory glaucoma: results at 1
year. Eur J Ophthalmol. (2022) 32:268–74. doi: 10.1177/1120672120973605

24. Giannaccare G, Pellegrini M, Bernabei F, Urbini L, Bergamini F, Desideri
LF, et al. A 2-year prospective multicenter study of ultrasound cyclo plasty for
glaucoma. Sci Rep. (2021) 11:12647. doi: 10.1038/s41598-021-92233-9

25. Figus M, Posarelli C, Nardi M, Stalmans I, Vandewalle E, Melamed S,
et al. Ultrasound cyclo plasty for treatment of surgery-naïve open-angle glaucoma
patients: a prospective, multicenter, 2-year follow-up trial. J Clin Med. (2021)
10:4982. doi: 10.3390/jcm10214982

26. Baudouin C, Kolko M, Melik-Parsadaniantz S, Messmer EM. Inflammation
in glaucoma: from the back to the front of the eye, and beyond. Prog Retin Eye Res.
(2021) 83:100916. doi: 10.1016/j.preteyeres.2020.100916

27. Pellegrini M, Sebastiani S, Giannaccare G, Campos EC. Intraocular
inflammation after ultrasound cyclo plasty for the treatment of glaucoma. Int J
Ophthalmol. (2019) 12:338–41.

28. Marques RE, Sousa DC, Vandewalle E, Somers A, Melamed S, Nardi M, et al.
The effect of glaucoma treatment using high-intensity focused ultrasound on total
and corneal astigmatism: a prospective multicentre study. Acta Ophthalmol. (2020)
98:833–40. doi: 10.1111/aos.14467

29. Béchetoille A, Arnould B, Bron A, Baudouin C, Renard JP, Sellem E, et al.
Measurement of health-related quality of life with glaucoma: validation of the
Glau-QoL 36-item questionnaire. Acta Ophthalmol. (2008) 86:71–80. doi: 10.1111/
j.1600-0420.2007.00999.x

30. Waisbourd M, Sanvicente CT, Coleman HM, Sieburth R, Zhan T, Gogte P,
et al. Vision-related performance and quality of life of patients with rapid glaucoma
progression. J Glaucoma. (2019) 28:216–22. doi: 10.1097/IJG.0000000000001179

31. González-Marrero I, Hernández-Abad LG, Carmona-Calero EM,
Castañeyra-Ruiz L, Abreu-Reyes JA, Castañeyra-Perdomo A. Systemic
hypertension effects on the ciliary body and iris. An immunofluorescence
study with aquaporin 1, aquaporin 4, and Na+ , K+ ATPase in hypertensive rats.
Cells. (2018) 7:210. doi: 10.3390/cells7110210

32. Bogner B, Schroedl F, Trost A, Kaser-Eichberger A, Runge C, Strohmaier C,
et al. Aquaporin expression and localization in the rabbit eye. Exp Eye Res. (2016)
147:20–30. doi: 10.1016/j.exer.2016.04.013

Frontiers in Medicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2022.1009273
https://doi.org/10.1016/j.mcna.2021.01.004
https://doi.org/10.1155/2015/691031
https://doi.org/10.1155/2015/691031
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1155/2015/141905
https://doi.org/10.1007/s00347-020-01146-x
https://doi.org/10.1111/aos.12913
https://doi.org/10.2147/OPTH.S99535
https://doi.org/10.1177/1120672119874594
https://doi.org/10.1007/s00417-017-3817-4
https://doi.org/10.1155/2020/4016536
https://doi.org/10.3791/56192
https://doi.org/10.1016/bs.pbr.2015.04.007
https://doi.org/10.1016/bs.pbr.2015.04.007
https://doi.org/10.1097/IJG.0000000000001497
https://doi.org/10.1097/IJG.0000000000001497
https://doi.org/10.1016/j.survophthal.2019.05.001
https://doi.org/10.1038/s41433-020-0878-0
https://doi.org/10.1038/s41433-020-0878-0
https://doi.org/10.1016/j.ultrasmedbio.2014.04.017
https://doi.org/10.1038/s41433-020-01260-9
https://doi.org/10.1016/j.jfo.2018.02.005
https://doi.org/10.1159/000487953
https://doi.org/10.1159/000487953
https://doi.org/10.1186/s12886-020-01655-y
https://doi.org/10.1177/1120672120973605
https://doi.org/10.1038/s41598-021-92233-9
https://doi.org/10.3390/jcm10214982
https://doi.org/10.1016/j.preteyeres.2020.100916
https://doi.org/10.1111/aos.14467
https://doi.org/10.1111/j.1600-0420.2007.00999.x
https://doi.org/10.1111/j.1600-0420.2007.00999.x
https://doi.org/10.1097/IJG.0000000000001179
https://doi.org/10.3390/cells7110210
https://doi.org/10.1016/j.exer.2016.04.013
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Ultrasound cyclo-plasty for moderate glaucoma: Eighteen-month results from a prospective study
	Introduction
	Materials and methods
	High-intensity focused ultrasound equipment
	Patients
	Preoperative examination
	Treatment procedure
	Postoperative follow-up
	Outcome measures
	Animal experiment
	Immunofluorescence of aquaporin 4
	Transmission electron microscopy

	Statistical analysis

	Results
	Patient characteristics
	Intraocular pressure
	Complications
	Quality-of-life analysis
	Aquaporin 4 expression
	Transmission electron microscopy

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	References


